Abstract-This paper investigates the distribution characteristics of the isothermal fatigue lifetime of ceramic ball grid array (CBGA) solder joints in shear. Placement direction of the boardlevel assembly on the oven conveyor during reflow critically influences the fatigue lifetime of solder joints in shear: the front or outer solder joints have a longer shear lifetime than the rear or inner ones. The solder joints that moved diagonally during reflow have a longer fatigue lifetime and a tighter distribution. Cracks initiated in the eutectic solder region on the card and package side and tend to propagated in that region, while final failure occurred mainly on the card-said eutectic solder region. This phenomenon can be explained that the front or outer solder bumps have a resistant effect to the gas fluid which passes through the rear or inner solder bumps, and lower these solder joints' cooling rate during solidification. Fast cooling rate can cause a more fine-grained and homogeneous microstructure in eutectic solder alloy, which can delay crack initiation and slow crack growth. When the board-level assembly moves diagonally during reflow, the resistant effect of front solder bumps to the gas fluid reduces markedly. So the fatigue lifetime of solder joints and its distribution characteristic enhance substantially. The theories of fluid dynamics and heat transmission are used to calculate the decrease of gas fluid velocity and the corresponding reduction of mean coefficient of heat transfer ( ).
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I. INTRODUCTION

R
ECENT advances in wafer fabrication techniques have produced smaller feature sizes, increasing gate count and chip inputs/outputs (I/O), This trend has put increased emphasis on microelectronic packaging. Ceramic ball grid array (CBGA) technology makes possible the direct attachment of multilayer ceramic (MLC) modules to industry standard epoxy glass cards with a high number of interconnections [1] - [4] . In recent years, CBGA packages have been extensively evaluated by the computer industry to meet I/O and density requirements. Compared to other fine-pitch peripheral leaded devices, CBGA has the advantages of high assembly yields, more efficient use of printed writing board (PWB) real estate, improved electrical performance, potential for greater I/O density, and lower assembly cost.
MLC built-in reference planes and low inductive power connections with multipower paths. Packaging applications demand ground planes, thermal dissipation and greater than 400 interconnections, CBGA is the most cost-effective choice.
In SMT solder joint, fatigue caused by shear strain is the primary failure mechanism. For CBGA, the mismatch of the coefficients of thermal expansion (CTE) between the ceramic chip carrier ( -ppm/ C) and PCB ( -ppm/ C) result in solder joint fatigue in shear created during power on-off cycles and ambient temperature changes [5] - [7] . Solder joint metallurgy, geometry, and height can affect fatigue behavior. It is reasonable to assume that the fatigue property differs between solder joints in a CBGA assembly. More pin-count, more chance to occur this problem. Fatigue failure is most likely to first occur at either the weakest solder joints or the most severely deformed solder joints. These joints determine the reliability of the package. Previous work [8] , [9] reported that the comer joint had the largest deformation when packaging assemblies were subject to thermal cycling. In this work, the distribution of solder joint fatigue behavior was investigated. This work is assistant to optimize the CBGA reflow parameters and enhance the fatigue performance of CBAG assemblies. 2) Assembly Process: A 0.20-mm thick metal mask stencil was used to print 63 wt%Sn/37 wt%Pb solder paste on the PCB solder pad. Then mounting the CBGA's on PCB. The board-level assemblies were reflowed in a 5-zone oven with compressed air at a temperature profile that only melts the eutectic solder. The time-resolved temperature profiles near the bulk solders at the "edge" and "center" of CBGA, as well as near the CBGA component in the oven chamber were recorded simultaneously by a wireless profiler. Fig. 1 shows a typical "edge" (at point in Fig. 4 ) and the oven chamber (or the free gas fluid) (point ) temperature profiles, and PCB and CBGA metallizations joined the solder joints in daisy chains, which were used to perform electrical continuity test. X-ray microscope was also used to inspect for solder bridge and other anomalies.
II. EXPERIMENTAL PROCEDURE
A. Samples Preparation
3) Reflow Parameters: According the general Newton Law of Cooling for convection heat transfer, the total heat exchange between a body and its surrounding free fluid from time to can be expressed as (1) where is the total heat exchange area, is the mean coefficient of heat transfer, and and are the surface temperature of the object and the temperature of the free fluid, respectively.
In Fig. 1 , the 183 C melting temperature of the eutectic solder is defined as the reference temperature line-the liquidus. In our previous work [10] , it was found that the integral of the measured temperature above the liquidus line with respect to time, defined as "heating factor," can characterize the reflow profile in the melting section.
For a particular time interval , the system heat exchange (heating or cooling) rate can be expressed as (2) Fig. 3 . Experimental setup and specimen geometry for isothermal fatigue testing in shear.
Previous work [11] , [12] showed that super cooling result in solidification at 175 C, so this was the surface temperature used to calculate the mean coefficient of heat transfer . Fig. 2 shows the profiles of and have the same shape while the curve of is delayed. The reflow parameter in the melting section, characterized by the "heating factor," of different local position solder joints was the same. On the other hand, due to the resistant effect of front solder bumps to the following solder bumps, the local mean coefficient of heat transfer in (2) varied, so the cooling rate of the solder bumps at different locations during reflowing also varied. In the Appendix, the theories of fluid dynamics and heat transmission are used to calculate the decrease of gas fluid velocity and the corresponding reduction of mean coefficient of heat transfer .
B. Shear Cyclying
An INSTRON MINI 44 stress-testing machine was used to test the solder joint shear cycling life. The experimental setup is schematically shown in Fig. 3 . In order to reduce the strain on the epoxy-glass substrate when the specimen was cyclically strained, the distance between the steel crosshead and the grip anvil was set to a small value and kept constant for different test specimens. The test specimen (coupon) was cut carefully from the CBGA assemblies with one specimen contains three rows and three columns of solder balls (see Fig. 3 ). The distribution of test specimens in a CBGA assembly is shown in Fig. 4 . The solder joints were cyclically sheared to constant displacement amplitude of 0.07 mm with the cycle frequency of 0.43 Hz. The small amplitude was beneficial to make the difference of fatigue lifetime between solder joints remarkable [12] . The shear peak loading change with time was recorded at each shear cycle. The cycle after which the peak loading drops to 50% of that of the initial cycle is defined as the fatigue life.
The tests were performed at room temperature and 60% relative humidity, and the sample size was 20 for each kind of test. Isothermal fatigue test can be used as accelerated method to simulate the thermal cycling. The strain rate is usually controlled from 1.OE-5/s to 1.OE-1/s [13] . In this work, the strain is taken 1.2E-1/s for shorting the testing time.
C. Fatigue Lifetime Distribution
The lifetime distribution of solder joints is modeled by the two-parameter Weibull cumulative distribution function, which has the following form [14] : (3) where is the value of the random variable-number of cycles to failure in the present study, is the shape parameter (Weibull slope), and is the scale parameter (characteristic value). The "best fit" Weibull parameters (for the median rank) and can be obtained by using the principles of least squares and ranking. The value corresponding to is called the number of cycles to failure at 50% failure rate . In this study, the fatigue lifetime of solder joints is characterized using the parameter .
III. RESULTS AND DISCUSSION
A. Shear Cycle Test Result
Fig . 5 shows the fatigue lifetime distribution of the test assemblies. Fig. 5(a) is the lifetime distribution of samples moved along the orthogonal direction during reflow, while Fig. 5(b) shows the lifetime distribution of samples moved along the diagonal direction during reflow (see Fig. 4 ). Comparing Fig. 5(a) and (b), if the board-level assembly moves along the diagonal direction during reflow, the fatigue property is better than that in orthogonal direction. 
B. Solder Microstructure
According to the analysis in Appendix, the cooling rate of the leading solder joints going into the reflow oven is faster than that of rear ones. Fig. 6(a) and (b) show optical micrographs of eutectic solder alloy in the front and rear positions of an orthogonal direction movement sample. The dark and light colored areas are the Pb-rich and Sn-rich phases. In the eutectic solder region, as the cooling rate increases, the microstructure of solder alloy becomes fine and homogeneous as show in Fig. 6(a) , while in Fig. 6(b) , the microstructure is coarse and inhomogeneous.
The effect of cooling rate during solidification on the microstructure and mechanical properties of the Sn-Pb system has been studied previously. By increasing the cooling rate from furnace cooling to water quenching, Mei and Morris [15] , [16] reported that the microstructure in a 60/40 Sn-Pb solder alloy changes from a lamella/colony appearance to the appearance of the equiaxed Pb-rich phase embedded in a Sn-rich matrix, and the solder grain size became smaller. They also found that the fatigue life of solders joint became longer with increasing cooling rate. Yao and Shang [17] found that, by increasing the cooling rate from furnace cooling to water-quenching, the fatigue crack growth resistance of eutectic solder joint was enhanced by more than 50% at low strain energy release rates. Since the small amplitude cycle fatigue lifetime is related to the near-threshold (i.e., low strain energy release rate) fatigue crack growth, so Yao and Shang's results are consistent with the results in this study. Fig. 7(a) and (b) are the optical cross section micrographs of the initial cracks in the eutectic solder region on card side and package side, respectively. Failures initiated at the maximum plastic strain point in the eutectic solder region (as indicated by arrows). Failure (separation) occurred primarily on the card-side eutectic solder region as shown in Fig. 8 . The path of propagation is not along the joint interface, but in [see Fig. 7(a) ] or near the coarsened Pb-rich phase region in the eutectic solder alloy and toward the ball (see Fig. 8 ). The path of crack propagation demonstrates that the material microstructure has a crucial influence on crack growth. Fig. 9 is a typical SEM micrograph of solder joint fracture surface on the card side. 
C. Failure Mechanisms
D. Failure Analysis
Solder joint reliability depends upon component quality, carrier quality, and assembly process controls. Due to high (0.89-0.99-mm) standoff and coarse pitch (1.27-mm), corrosion and electromigration are almost nonexistent. Solder joint reliability issues are predominantly due to the nature of the package construction and several assembly process conditions.
In view of package construction, finite element modeling has been used to estimate joint strain for different card-pad and module-pad diameters under different loading conditions and solder joint configurations. Corbin calculated the distribution of plastic strain maxima in a 25-mm CBGA/FR-4 system for a comer joint at 100 C with a 0.86-mm diameter module pad and 0.61-mm card pad. The risk of fatigue failure was found to be greater in the card-side joint. The maximum percent strains were reported to be 1.91, 0.92, and 4.31 for eutectic solder on the module side, solder ball, and on the eutectic solder on the card side respectively [8] , [9] . This was expected since, in this case, the size of card-side pad was smaller than that of module-side pad (the card pad diameter needs to be small enough to allow wireability on its top surface). During cycling test, mechanical shear stress caused plastic strain in solder joints. To a single solder joint, the distribution of plastic strain should be similar no mater it is caused by thermal (under high temperature) or mechanical shear stress. And cracks initiate at the maximum plastic strain point. The result of this study is consistent with the Corbin's result.
According to the analysis in the Appendix, the cooling rate of front solder joints is faster than that of rear ones during solidification. Faster cooling rate can cause a more fine and homogeneous microstructure in solder alloy. On the other hand, slower cooling rate during solidification can make the microstructure in the eutectic solder alloy inhomogeneous. This inhomogeneity leads to the localized deformation and stress concentration in solder alloy. The elimination or reduction of inhomogeneity evenly distributes the deformation, leading to a delayed crack initiation and slow crack growth. This phenomenon can be view as one of the assembly process conditions that affect the solder reliability.
IV. CONCLUSION
Based on the investigation of the shear cyclic lifetime of solder joints located in different positions of the CBGA assembly, the following conclusions have been reached.
1) The cooling rate of solder bumps located in different positions in a CBGA assembly varies greatly during solidification. Due to the resistant effect of solder bumps to the gas fluid, the cooling rate of the leading edge solder bumps in the reflow oven is faster than that of the rear ones. 2) Fluid dynamics analysis shows that, for an orthogonal direction movement CBGA625Tl.27-DC81 assembly, it has the relationship of . Using the theory of heat transmission, it can be calculated that the cooling rate for the front solder bump is 30 times of that of the rear solder bump.
3) The cross section metallurgic views of failed solder joints reveal that the fatigue failures initiate in the eutectic solder regions on card and package sides, while final failure occurs primarily on the card-side joint. 4) Faster cooling rates cause a more fine and homogeneous microstructure in eutectic solder alloy, that can delay crack initiation and slow crack growth, so the front (with respect to reflow movement direction) or outer solder joints have a longer shear lifetime than the rear or inner ones. 5) If the board-level assembly moves along the diagonal direction during reflow, the resistant effect of front solder bumps to the gas fluid reduces substantially. It has the relationship of . Furthermore, the number of high resistant influenced solder bump reduces greatly while the number of low resistant influenced solder bump increases remarkably. So the general solder fatigue property enhances and the dispersal degree of solder fatigue property improves obviously.
APPENDIX I CALCULATION OF THE MEAN COEFFICIENT OF HEAT TRANSFER
In our previous study on the PBGA solder joints [11] , [12] , the solder bump exchanges heat with the atmosphere in the furnace chamber through forced convection in the reflow process. Only gas flow parallel to the conveyor movement direction contributes to the heat exchange. The conveyor movement velocity can be taken as the free gas fluid velocity (Fig. 10) . On the other hand, because of the resistant effect of the front solder bumps, local fluid velocity is varied for different position solder bumps. The more rear or inner is the position, the smaller is the local fluid velocity. The main resistance comes from the directly front solder bump and we will only consider it in the following analysis. If we model the solder bumps as cylinders, according to the mechanism of fluid dynamics, the tangential and radial components of fluid velocity in cylindrical coordinates can be expressed as [18] (A1) where is the velocity of free gas fluid, R is the radius of cylinder (Fig. 11 ). If the board-level assembly moves along the orthogonal direction, the middle axis of solder bump meets the following bump at point " ." If we take the solder radius (0.375-mm) as the radius of cylinder, and the velocity at point " " of the bump velocity field as the free gas fluid velocity for the following solder bump, then resistant effect from the directly front solder bump ( mm, ) can be written as . For the last solder bump of 25-row CBGA, it has the relationship of . If we model the forced heat convection during reflow as the flow normal to a cylinder (solder bump) mode, the mean coefficient of heat transfer in Equation (2) can be calculated as below [19] (A2) where the constant and exponent are geometric parameters, is the Reynolds number, is the characteristic length, here the diameter of the cylinder, and is the thermal conductivity coefficient of the fluid at the film temperature. The film temperature is defined as
The Reynolds number is defined as
where is the kinematic viscosity of the fluid. In this research, the conveyor speed was set to 18 in/min; thus, and are and m/s, respectively. and are 0.800 and 0.437, respectively, while and are 0.280 and 0.0895, respectively. We take and as 175 C and 160 C, respectively (see Fig. 1 ), so the is 165.7 C. The values of and for dry air vary insignificantly in the range of 160 C to 180 C, and also they are not strongly pressure-dependent and may be used over a fairly wide range of pressures. We use the standard values for dry air at atmospheric pressure of 160 C to calculate the . The values of and are (W/M. C) and (m /s), respectively. The mean coefficient of heat transfer (24.38 W/m C) is two times of (12.06 W/m C). If we take the value of in (2) as 15 C (see Fig. 1 ), then the cooling rate for the first solder bump is 30 times of that of the last solder bump. It should be noted that the "free gas fluid temperature" is a relative concept, for the temperature of , we can take " " as its "free gas fluid temperature," thus the above analysis is also valid for the "center" solder joint (see Fig. 2 ).
If the board-level assembly moves along the diagonal direction, see Fig. 11 . The resistant effect of the front solder bump can be re-written as ( mm, ): . Then, for the most rear solder bump of 25-row CBGA, it has the relationship of . Similarly, it can be calculated that the mean coefficient of heat transfer (24.38 W/m C) is 1.4 times of (17.33 W/m . C). On the other hand, the number of high resistant influenced solder bump reduces substantially: the number of and solder bump reduces from 25 to 1, 3, and 5, respectively. On contrary, the number of low resistant influenced solder bump increases remarkably: the number of and solder bump increases from 25 to 49, 47 and 45 respectively. So the general solder fatigue property enhances and the more important change is that the dispersal degree of solder fatigue property improves substantially.
